Nowadays, precise prediction of heat generation in semiconductor devices is important. An electro-thermal analysis is an attractive method to predict heat generation in devices. In this analysis, momentum and energy relaxation times are taken as the important parameters. Calculated heat generation density is dependent on the energy relaxation time. Conventionally, these relaxation times have been determined by simple models. For a more precise prediction of the relaxation times, Monte Carlo (MC) simulation should be employed. In this research, the impact of these relaxation times on the heat generation in a semiconductor device is evaluated. The results of an electro-thermal analysis using conventional relaxation times (conventional model) and of one using the relaxation times from a MC simulation (MC model) are compared. The calculation results show that the conventional model overestimates the heat generation density especially under a high electric field. The estimated heat generation density of the conventional model is 10% and 25% larger in the case of 100 and 500 kV/cm electric fields, respectively. It can be concluded that, for the thermal design of high-power semiconductor devices in power electronics, appropriate values of the relaxation times, which are obtained from the MC simulation, are required.
Introduction
In recent years, the problem of heat dissipation with semiconductor devices is becoming more serious due to increasing miniaturization of electronic equipments. Semiconductor devices are the most dominant heat source in electronic equipments, and Si MOSFETs (Metal-OxideSemiconductor Field Effect Transistors) are widely used as semiconductor devices. [1] [2] [3] Therefore, accurate estimation of heat generation from Si MOSFETs is a key for the thermal design of electronic equipments.
In a submicron Si MOSFET or power MOSFET, a high electric field (normally larger than 10 6 V/m) is generated.
Under such a high electric field, the electron energy becomes much higher than the lattice energy. Therefore, a non-equilibrium state between the electron energy and the lattice energy is an important phenomenon in the thermal design of the silicon devices.
Electro-thermal analysis is an attractive method for predicting the heat generation of semiconductor devices. [4] Normally, three methods can be employed for estimating the heat generation density of semiconductor devices: the drift-diffusion (DD) method, electro-thermal analysis, and
Monte Carlo (MC) simulation. These methods are derived from the Boltzmann Transport Equation (BTE). Electrothermal analysis consists of continuity, momentum conservation, and energy conservation equations, which are the zeroth, first, and second moments of the BTE. The DD method can be considered to be a simple form of electrothermal analysis. On the other hand, the BTE can be solved directly using a statistical method in a MC simulation. In this hierarchy, a MC simulation is the most accurate method. [6, 7] The details of the three methods are below. The DD method is the simplest method because the electron energy is assumed to be equal to the lattice energy and electron flow is assumed to be a continuum. of the momentum and the energy relaxation time be constructed using a MC simulation, and those relaxation times be applied to an electro-thermal analysis for accurate estimation of the heat generation of semiconductor devices.
In this study, the heat generation in Si calculated from an electro-thermal analysis using conventional relaxation times (conventional model) is compared to that from one using the relaxation times obtained from a MC simulation (MC model). The effect of the relaxation times on the estimation of the heat generation in Si devices is discussed.
Calculation Method

Electro-thermal analysis
The governing equations of electro-thermal analysis consist of the continuity equation, momentum conservation equation, and energy conservation equation, as fol-
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where n is the electron number density, v is the electron velocity, q is the elementary charge, E is the electric field, m * is the electron effective mass, k B is the Boltzmann constant, T e is the electron temperature, T L is the lattice temperature, τ m is the momentum relaxation time, and τ E is the energy relaxation time.
In this work, the focus is on the zero-dimensional model.
Therefore, the electron number density distribution is not considered and the continuity equation can be excluded. It is easier to understand the effect of the relaxation times with fewer unknown parameters in the zero-dimensional model. In the zero-dimensional model, the space derivative terms in Eqs. (2) and (3) are omitted and the equations can be rewritten as:
Assuming a constant electric field, E, the electron velocity can be calculated from Eq. (4) and the electron temperature can then be calculated from Eq. (5). From the calculated electron velocity and electron temperature, the heat generation can be calculated the from following equation:
As can be seen in Eq. (6), the heat generation density is dependent on the electron velocity, the electron temperature and the energy relaxation time. The electron velocity depends on the momentum relaxation time in Eq. (4) and the electron temperature depends on the energy relaxation time in Eq. (5). Therefore, the relaxation times have a significant effect on the estimated heat generation density.
Relaxation time model
As mentioned above, conventionally, the relaxation times have been calculated from simple models, while in this work, examples of simple models are introduced. Usually, the momentum relaxation time is derived from electron mobility using the following relationship: [5] τ µ m m q = * (7) where μ is the electron mobility.
To calculate the momentum relaxation time, a temperature and field dependent model is employed as the conventional electron mobility model.
The following model is employed as the temperature dependent mobility model: [10] µ µ
The Caughey-Thomas model [11] is applied as the field dependent mobility model:
Several values were proposed for α, β and v sat , and these values will be discussed later. μ E is a function of the temperature dependent mobility. Hence, μ E becomes μ in Eq.
(7).
For the energy relaxation time, a constant value has been widely used. A value of τ E = 0.3 ps as the conventional energy relaxation time is employed.
Monte Carlo simulation
For a Monte Carlo (MC) simulation, this study considers acoustic phonon scattering and optical phonon scattering as the scattering phenomena in Si. Impurity scattering is not considered because it becomes less important under a high electric field (E > 10 6 V/m), which is the case of sub-micron semiconductor devices and power semiconductor devices. [8] The details of the Monte Carlo simulation can be obtained from previous literature. [7, 8] A brief introduction of MC simulation is given below. First, the initial value of the wave vector, k 0 , and electron energy, w e0 , are set.
Then the wave vector change during free flight time (without scattering), τ, can be calculated from the following equation:
Here, E is the electric field and  is Planck's constant.
Then the new wave vector after free flight and its electron energy become as follows:
Further, the electron energy change during τ is 
Results and Discussions
Energy relaxation time
As mentioned above, conventional energy relaxation is assumed to be constant (in the present study, τ E = 0. and in the present study, the conventional energy relaxation time model corresponds to T e = 11000 K. Figure 2 shows the calculated results of the momentum scattering rate from the MC simulation. The relationship between the scattering rate and the relaxation time was given previously, in Eq. (16).
Momentum relaxation time
Similar to Fig. 1 , the horizontal axis shows the electron temperature and the vertical axis shows the momentum scattering rate. The MC simulation was conducted under three constant lattice temperatures: 350, 400 and 470 K. As seen in Fig. 2 , the momentum scattering rate is dependent on the lattice temperature. In the conventional momentum relaxation time model, the momentum relaxation time can be calculated from the electron mobility as shown in Eq.
(7). Therefore, the electron mobility model is dependent on the lattice temperature in Eq. (8) . Here, the adequacy of the conventional relaxation time model by means of the electron velocity is discussed. The electron velocity can be calculated as follows:
In the conventional model, the electron velocity can be calculated from Eqs. (9) This discrepancy may cause inaccurate predictions of the electron temperature and the heat generation density.
Electron temperature
In considering the heat generation density, the electron velocity, the electron temperature, and the energy relaxation time are important, as shown in Eq. (6) . Figure 4 shows the electric field dependence of the electron temperature calculated from the conventional model and the MC model. As can be seen in Fig. 4 , although the electron temperature from the conventional model increases linearly with the electric field, the electron temperature from the MC model shows a different tendency. When the electric field is less than 250 kV/cm, the electron temperature from the MC model shows a higher value than that from conventional model. On the other hand, the electron tem-
perature from the conventional model shows a higher value under a higher electric field and the discrepancy becomes larger as the electric field increases.
Considering the discussion so far, the energy relaxation time, the electron velocity, and the electron temperature show discrepancies between the conventional model and the MC model. Hence, the estimated heat generation density from an electro-thermal analysis may strongly depend on the relaxation time model.
Heat generation density
From the above discussion, the results of the conventional model were different from those of the MC model.
Here, we discuss the relaxation time dependence of the heat generation density using Eq. (6).
For calculating the heat generation density, various electric fields constants are set and the electro-thermal analyses (Eqs. (4) and (5) lattice temperature is set at constant value of 400 K. 
